maticity induced by a local injury in the isolated right ventricle of the rat were studied. 2 In concentrations ranging from 0.1 to 100 nM, NECA significantly increased ventricular automaticity. This effect was more reproducible when the adenosine receptor antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) was present at 5 nM, a concentration that blocks Al adenosine receptors.
Introduction

Methods
In previous work Hernandez et al. (1989) showed that the non selective adenosine receptor agonist, 5'-N-ethylcarboxamidoadenosine (NECA), increases ventricular automaticity induced by a local injury in the isolated right ventricle of the rat. This effect of NECA was obtained with low concentrations (0.1-10nM). Adenosine (ADO), in similar concentrations, also causes, as NECA does, an increase in ventricular automaticity. This effect seems to be dependent on the integrity of the P-adrenoceptors because it is prevented by the non selective fl-blocker, propranolol (Hernandez et al., 1989) .
In the present work we investigated further the nature of the adenosine receptor involved in the excitatory effect of NECA on ectopic ventricular automaticity, and its relation to P-adrenoceptors. To this purpose we studied the effect of NECA, a compound that in rat ventricular myocyte membranes exhibits a typical A2 agonist effect by stimulating adenylate cyclase activity in the presence of the adenosine receptor antagonist, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX) (see Romano et al., 1989) , which, at low concentrations (5 nM) selectively antagonizes Al adenosine receptors and at high concentrations (10tMm) antagonizes both A1 and A2 adenosine receptors (Bruns et al., 1987; Correia-de-SA ea al., 1991) . The subtype of P-adrenoceptor involved in the excitatory effect of NECA was explored by studying the relation between the P agonist isoprenaline and NECA, in the presence of either the Pl antagonists atenolol (Hoffman & Lefkowitz, 1990) or bisoprolol (Wang et al., 1985) and the highly selective P2 antagonist ICI-1 18,551 (Bilski et al., 1983) .
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After Sprague-Dawley rats of either sex had been killed by a blow to the head, the heart was removed and placed in warm Tyrode solution containing (mM): NaCI 136.9, KCI 5, MgCl2 1.05, CaCl2 1.8, NaH2PO4 0.4, NaHCO3 11.9 and dextrose 5. The right ventricle was freed as previously described by Hernandez & Serrano (1982) ; then the atrial end was damaged by crushing it with a pair of Starling forceps, and the ventricle fixed to a metallic support. The apical end was attached to a Grass FT-03 force-displacement transducer by a nylon thread. A 30 ml organ bath was used and the bathing Tyrode solution was maintained at 37°C, pH 7.4 and bubbled with a mixture of 95% 02 and 5% CO2.
Contractions were displayed on the screen of a computer by using a Stemtech amplifier (Stemtech Inc., Houston, U.S.A.) and the AT-CODAS computer programme (Dataq Instruments, Ohio, U.S.A.). The resting tension was set at 1 g. The preparation was then allowed to stabilize for at least 15min. Only ventricles having a stable basal rate, with a variation of less than 10 beats min-' and contractile activity at the end of the stabilization period, were used.
After the stabilization period, the drugs were applied and each concentration left 5-10min, after which a higher concentration of the test drug was applied until a cumulative concentration-response curve had been constructed. Following the application of the last concentration, the preparation was washed until recovering the control (pre-drug) frequency.
In the experiments where interactions between drugs were studied, the concentration-response curves were obtained in the presence of a fixed concentration of the other drug, which was applied at least 15min before starting the cumulative concentration-response curve. In each experiment only one preparation taken from one rat was used. Recorded data were then processed and the frequency (contraction rate per min) was calculated as the mean of the last ." Macmillan Press Ltd, 1994 5 min incubation period for each drug concentration, using a BASIC programme developed by us.
Reserpine
In some experiments, rats were reserpinized with 5 mg kg-' intraperitoneal reserpine, given at least 24 h before each experiment.
Binding studies
Preparation of right heart ventricle membranes The membranes were prepared according to Leung et al. (1988) . Male rats between 200-250 g weight were killed by a blow on the head and exsanguinated. The right ventricles were dissected, freed of blood vessels and suspended in 10% (w/v) sucrose containing 0.1 mM phenylmethylsulphonyl fluoride and buffer A (20 mM Tris HCI, pH 7.5, at room temperature (22-250C), 2 mM EDTA, 0.1 mM dithiothreitol, 0.1 mM benzamidine, 0.1 mg ml1 of bacitracin and 0.01 mg ml-' of soybean trypsin inhibitor). The tissue was homogenized (1 to 4 w/v) using two 5 s bursts with a Ultra-Torrax T25 homogenizer at setting 20500. The homogenate was centrifuged for 40 min at 100,000g at 40TC. The pellet was resuspended in 10% sucrose in buffer A using a 2 s burst in the Ultra-Torrax T25 at setting 20500, layered over a discontinuous sucrose gradient of 15% and 36% sucrose solutions in buffer A and centrifuged at 178,000g for 90min at a SW40. The protein based at the 15%-36% sucrose interface was collected with a Pasteur pipette, diluted 5 fold with the buffer A and recentrifuged at 100,000 g for 40 min. The pellet was diluted to a protein concentration of 10 mg ml' with buffer A and stored in liquid nitrogen. Binding assay Membranes were incubated with adenosine deaminase (ADA) (5 units ml-') at 22C. 
Drugs
The following drugs were used: DPCPX and NECA were purchased from RBI (U.S.A.) ICI-118,551 (erythro-DL-1-(7-methylindan-4-yloxy)-3-isopropyl-aminobutane-2-ol) was generously supplied by ICI Laboratory (U.K.), reserpine atenolol and isoprenaline from Sigma (Spain), CGS-21680 (2-[4-(2-carboxyethyl)phenethyl amino]-5'-N-ethyl-carboxamido adenosine) from Ciba-Geigy Corporation (N.J., U.S.A.), [3H]CGS-21680 with a specific activity of 47.2 Ci mmol-', from Amersham (U.K.) and bisoprolol was kindly supplied by Merck Laboratory (Spain) . Statistics
The significance between means was calculated by Student's paired t test (Tallarida & Murray, 1987) . P values of 0.05 or less were considered to represent significant differences.
Results
We performed a total of 57 experiments in which a spontaneous automaticity appeared, using the technique described above. The mean control ventricular rate before addition of any drug was 30.0± 4.3 beats min-'. Figure 1 shows an example of the response to addition of NECA (1 nM) to a bathing solution containing a right ventricle with ectopic automaticity. As can be seen, NECA increased the automatic activity of the preparation during the time it was present in the medium. Similar experiments were carried out on eight preparations and the results for the different concentrations of NECA used (0.1-100 nM) are summarized in Figure 2 . The effect of NECA was variable with only 8 out of 12 preparations responding. In the reserpinized rats, NECA (0.1-100 nM) did not induce any excitation on ventricular automaticity but instead, it reduced ventricular rate at all concentrations used (Figure 2 pinized rats (see Figure 4) .
NECA
In order to determine the involvement of PI-adrenoceptor activation in the effect of NECA, concentration-response curves to this ADO analogue were performed in the presence of the non selective P-adrenoceptor agonist, isoprenaline.
Isoprenaline (0.1 nM), slightly increased ventricular frequency by 7.7 ± 2.7 beats min-1, compared with the control value Figure 4 Interactions between adenosine receptors and 1-adrenoceptors on ventricular automaticity in reserpinized rats (5 mg kg-', i.p. reserpine). Isoprenaline (0.1 nM) was added to the organ bath and in the experiments with the P-adrenoceptor antagonists, ICI-1 18,551 (0.1 lAM, U), atenolol (0.1IlM, 0), or bisoprolol (10 nm, 0), were added after a 5-10 min stabilization period. After a stable rate was reached in the presence of the P-adrenoceptor antagonists (10-15min), concentration-response curves for 5'-Nethylcarboxamidoadenosine (NECA) were performed as described in Figure 2 and in the presence of 1,3-dipropyl-8-cyclopentylxanthine (DPCPX, 5 nM) to obtain consistent excitatory effects. In the absence of these selective P-adrenoceptor blockers, NECA still produced excitatory effect in the presence of isoprenaline both in the absence (V) or the in the presence (0) of DPCPX (5 nM), (A) NECA alone. and (A) NECA + DPCPX (5 nM). The average ventricular rate ± s.e.mean during the pre-drug period was 27.1 ± 6.7. Isoprenaline, slightly increased ventricular frequency by 7.7 ± 2.7 beats min-'. Values are the means ± s.e.mean (n = 4-7). The effects of NECA in the presence of isoprenaline, in the absence or in the presence of DPCPX and ICI-I 18,551 were statistically significantly different (P < 0.05) from 0 for concentrations higher than I pM.
Effects of isoprenaline
The excitatory effect of isoprenaline was studied in five experiments in reserpinized rats. Isoprenaline (0.1-10nM) increased ventricular automaticity in a concentrationdependent manner. Applied in the presence of the adenosine receptor antagonist, DPCPX (1OjAM), isoprenaline (0.1-10 nM) consistently increased ventricular automaticity in approximately the same proportion as that observed when used alone. These results suggest that DPCPX does not block P-adrenoceptors.
CGS-21680
The effect of the A2a-selective adenosine receptor agonist, CGS-21680 (0.1 nM-10 pM) was studied in four experiments, in normal rats and no detectable excitatory effect was observed. This suggests that in this preparation there are no functional A2a adenosine receptors. However, as NECA was active in high concentrations in reserpinized rats, it is possible that the A2 adenosine receptor in the right ventricle is an A2b subtype.
CGS-21680 binding
[3H]-CGS-21680 was used in concentrations between 1-300 nM. No saturation was achieved for this range of concentrations and no marked differences were obtained between total and specific binding for CGS-21680. CADO (20 fiM) was used as the displacer.
-10 _ These results suggest that CGS-21680 does not specifically bind to the rat heart ventricle membranes. As this compound binds with high affinity to A2a adenosine receptors, the results indicate absence of these receptors in the rat ventricle.
Discussion
The present results show that NECA, in concentrations ranging from 0.1 to 100 nM, increased ventricular automaticity in the rat heart. This effect was blocked by the adenosine receptor antagonist, DPCPX in a concentration (10 JiM) that blocks both Al and A2 adenosine receptors (see Bruns et al., 1987 ).
The A2,-selective agonist, CGS-21680, was virtually devoid of excitatory effect and in binding studies no specific binding to right ventricle membranes was detected. These results preclude the existence of A2a adenosine receptors in this tissue in the rat.
Adenosine and adenosine analogues have been considered cardiodepressant agents because of their negative chronotropic and inotropic effects (Drury & Szent-Gyorgy, 1929) . However, some cardioexcitatory effects such as positive chronotropic effects as well as positive inotropic effects have been described (Burnstock & Meghji, 1983; Watt & Routledge, 1986) . Recently it has been shown that both adenosine (La Orden et al., 1986) and its stable analogue, NECA (Hernandez et al., 1989) , increased cardiac automaticity in the isolated right ventricle of the rat. This effect was further confirmed in the present study and agrees with the fact that intracoronary administration of adenosine increases the number of single extrasystoles and salvos, resulting in an augmented ventricular ectopic activity following coronary artery occlusion in dogs (Wainwright & Parratt, 1988) . Adenosine also seems to increase cardiac automaticity when used for therapeutic purposes. In fact, it has been reported that there is an incidence of about 40% of adenosine-induced ventricular premature complexes or nonsustained ventricular tachycardia in patients immediately upon termination of paroxysmal supraventricular tachycardia (Garratt et al., 1989; Rankin et al., 1990) .
The excitatory effect of NECA in the present work was blocked by high (10 jM) but not by low (5 nM) concentrations of the Al-selective adenosine receptor antagonist, DPCPX. It is known that the Ki of this antagonist for the Al adenosine binding site is about 1 nm, and for the A2 adenosine binding site is about 340 nM (Bruns et al., 1987) . So, the excitatory effect of NECA was prevented when both Al and A2 receptors were blocked, but not when only Al adenosine receptors were blocked by 5 nM DPCPX. Thus, it appears that the excitatory effect of NECA on ventricular automaticity is mainly mediated by A2 adenosine receptor activation. This agrees with previous results on ventricular automaticity in which NECA was shown to be more potent than CADO, with R-PIA being ineffective, and in relation to the inhibitory effect, R-PIA was about equipotent with CADO, both being more potent than NECA (Hernandez et al., 1989) . It has been suggested (Xu et al., 1992) Romano et al. (1989) , found that NECA in the same concentrations (0.1-10 IIM) as those used in the present work, stimulates adenylate cyclase activity in the rat yentricular myocyte membranes (a typical A2 adenosine effect), only when the Al receptor is blocked with DPCPX.
A point of interest in the present results is that the excitatory effect of NECA on ventricular automaticity was not apparent when rats were reserpinized. This agrees with previous observations in which the excitatory effect of adenosine on ventricular automaticity was absent in reserpinized rats, suggesting the involvement of catecholamines (Hernandez et al., 1989) .
In reserpinized rats, the excitatory effect of NECA on ventricular automaticity could be shown in the presence of the P-agonist, isoprenaline along with the P2 antagonist, ICI-118,551, but not when PI-adrenoceptors were blocked by either bisoprolol or atenolol. These results suggest that the effect of NECA depends on the functional integrity of the PI subtype adrenoceptors. This was to be expected since the actions of catecholamines on the heart seem to be mainly mediated by the ,I-adrenoceptors. In fact, by using radioligand binding techniques, Hancock et al. (1979) found that the rat ventricle contains exclusively P1-adrenoceptors, whereas Minneman et al. (1979) suggested that the rat heart contains 83% PI and 17% P2receptors. An approximate 2:1 ratio was found by Juberg et al. (1985) . These authors suggested that 0,-and P2-adrenoceptors coexist in both left and right rat atria, but only P1-adrenoceptors mediate the chronotropic and inotropic effects of P-adrenoceptor agonists. However, the presence of p2-receptors in the rat heart has also been established (Freyss-Beguin et al., 1983) and it has been suggested that they might play a more important role in regulating heart frequency than force of contraction. In fact, it has been demonstrated that ICI-118,551 antagonized the isoprenaline-induced tachycardia much more efficiently than the PI-selective antagonist, atenolol (Arnold et al., 1985; Zerkowski et al., 1986) . However, this kind of receptor does not seem to play any significant role in the excitatory effect of NECA observed in the present work.
The results in our study indicate that NECA could activate a given system (receptor) that sensitizes the heart for the action of PI-agonists. It is interesting to note that the excitatory effect of NECA, in reserpinized rats, in the presence of isoprenaline and ICI-1 18, 551, was obtained with concentrations higher than 1 giM. However, in normal rats or in reserpinized rats in the presence of noradrenaline, this effect was produced by concentrations around 1 nM (Hernandez et al., 1989) . This suggests that, in addition to the P1-adrenoceptor activation, other mechanisms could also be involved in the effect of NECA.
The interaction between 1B, and A2 receptors could occur at the level of the cascade process which leads to the formation of the second messenger, adenosine 3':5'-cyclic monophosphate (cyclic AMP). In fact, activation of both A2 (Van Calker et al., 1979) and PI (Brodde et al., 1984) receptors results in an increase of the intracellular levels of this nucleotide. This kind of interaction has been demonstrated in the central nervous system, where adenosine applied together with noradrenaline, produces a potentiating action of cyclic AMP accumulation in brain slices (Sattin & Rall, 1970) . This is also in agreement with the ability of the non metabolizable cyclic AMP analogue, dibutyryl cyclic AMP to restore the excitatory effect of adenosine on ventricular automaticity in reserpinized rats (Hernandez et al., 1989) .
In summary, the adenosine receptor agonist NECA, increases ventricular frequency and this effect is more reproducible when Al adenosine receptors are blocked. This effect seems to be dependent on the functional integrity of the 1I-adrenoceptors because it was observed only when these receptors were activated. Therefore, the excitatory effect of NECA on ectopic ventricular automaticity may be mediated by an A2 adenosine receptor, and seems to be dependent on the activation of an adrenoceptor of the PI subtype. This investigation was supported by grants SCI-CT90-0400 from the European Community and CE91-0014 from the DGICYT (Spain).
